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the fish oil/evening primrose oil mixture. Atherogenic index decreased by 
12% (P < 0.05) after fish oil/evening primrose oil and by 6% (P - ns) 
after fish oil alone. This difference was statistically significant (P < 
0 05) Plasma homocysteine was reduced by 10% (P < 0.05) after the fish 
oil/evening primrose oil mixture and decreased 4% (P = ns) after the fish 
oil alone. Plasma fibrinogen decreased after both oils. The combined oils 
did not raise plasminogen activator inhibitor-1 (PAI-1) antigen 
at all, whereas after fish oil there was a 49% (P < 0.05) increase. Fish 
oil increased the ratio C20:4 to C20:3, an index of delta-5-desaturase, 

bY 96% (P < 0.001) and reduced the ratio of C20:3 to C18:2, an index of 
delta-6-desaturase, by 38% (P < 0.001), whereas the fish oil/evening 
primrose oil mixture left these indexes unchanged. A high index of 
delta-5-desaturase has been found to be correlated to increased 
insulin sensitivity. In conclusion, combination of fish oil and 
evening primrose oil had a more favorable effect on the atherogenic index 
and caused no increase in PAI-1 antigen. The effects on 
triglycerides and PAI-1 of the fish oil and the mixture appears to 
be a result of their (n-3) fatty acid content. 
Copyright (C) 1998 Elsevier Science Inc. 
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The emerging view is that reduced feed intake, lean muscle accretion, and 
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ABSTRACT: The emerging view is that reduced 
feed intake, lean muscle accretion, and growth in 
immunologically challenged pigs is the result of 
increased cytokine activity, but this has not been 
directly tested. To begin addressing this issue, 72 
crossbred barrows and gilts (11.55 ± .19 kg BW) were 
not fed for 12 h and then injected i.p. with 0, .5, or 5 
/tg/kg of Escherichia coli lipopolysaccharide (LPS)? 
Blood was collected by jugular puncture at 0, 2, 4, 8, 
12, and 24 h after injection. Plasma levels of tumor 
necrosis factor-a (TNF-a), interleukin-6 (IL-6), cor? 
tisoi, plasma' urea nitrogen (PUN), NEFA, and 
triglycerides were determined. Immunological stress 
was ^induced , by LPS as :« indicated by increased 
secretion of TNF-a, IL-6, and Cortisol. In pigs receiving 
•5 ngflsg. of LPS, plasma TNF-a , was increased 
,i0-fold at 2 h after injection and was still elevated IP 
< .01) at 4 h. In these same pigs, plasma concentra- 



tion of IL-6 was increased at 2 h and peaked at 4 h 
with levels exceeding baseline values by 200-fold ( P < 
.01). Cortisol was elevated at 2, 4, and 8 h after 
injection (P < .01). The increased secretion of 
cytokines and Cortisol in pigs injected with 5 fig/kg of 
LPS was followed by an increase in protein degrada- 
tion, as evidenced by PUN values that were increased , 
two- and threefold at 8 and 12 h after injection, 
respectively. However, unlike previous reports in 
laboratory animal species, plasma glucose, NEFA, and 
triglycerides were not altered by LPS. Nonetheless, as : ' 
the period of feed .deprivation progressed from 12 to 36 
h, plasma NEFA and triglycerides mcreased ( P .< .05 ) '■ 
and plasma glucose tended to decrease. We believe 
that immunological challenge induces • cytokine syh-, 
thesis and , secretion in swine which; .in turn; . may 
induce protein catabolism. \ 1 



Key Words:' Cytdkinesp * Cortisol; ' Pigs, ' Lipopolysaccharides " 
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Introduction : -0 : '* 

' Considerable evidence indicates that the metabolic 
effects characterizing immunological challenge are 
important for maintaining homeostasis during infec- 
tion (Klasing and Johnstone, 1991; Adi et al., 1992). 
Those responses are attributed to cytokines that 'are 
released by activated macrophages. The proinflamma- 
tory cytokines that have profound metabolic effecte in 
rodents include tumor necrosis factor-a ( TJNF-a), 
interleukin-1 (IL-1), and ihterleukin-6 ( d>6) ,(Me- 
mon et al., 1994). Because porcine macrophages 
produce the same array of cytokines (Murtaugh, 
1994), the emerging view, is that the reduction in feed ; 
intake and growth observed in diseased or immunolog- 
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ically challenged pigs is : the result of increased 
cytokine . activity (Kelley et al., 1994). /; 
.'. It is apparent from studies comparing the growtfrof 
pigs reared : in highly sanitized facilities i to . those 
reared in more conventional' environments that im-. 
munological stress can .reduce growth .rate and feed 
efficiency from 10 to 25% (Williams et al., 1993; 
Coffey and Cromwell,' 1995): Although this economic 
cally important problem has been tentatively linked-to 
the proinflammatory cytokines, neither their synthesis . 
or secretion nor the metabolic changes following 
immune challenge have been studied in swine; There- 
fore, the objectives of the present study were to 
characterize plasma- levels' of TNF-a, > IL-6, Cortisol, 
and several metabolites that are indicative of changes 
in nutrient metabolism. 



Materials and Methods 

Animals and Management. Pigs from the University 
of Illinois Swine Research Center resulting from' the 
cross of PIC (Franklin, KY) Line-26 males and 
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Camborough-15 females were used. They were housed 
in an environmentally controlled building with cons- 
tant 24-h lighting. The pigs were maintained three 
pigs per pen in 1.2-m 2 raised wire floor pens equipped 
with nipple waterers that allowed free access to water. 
To allow for adaptation to the environment, pigs were 
assigned to pens 7 d before experimentation. All 
procedures and housing were approved by the Univer- 
sity of Illinois Committee on Laboratory Animal Care. 

Blood Collection and Analysis. Blood samples were 
collected aseptically from the cranial vena cava region 
into lithium heparinized syringes and centrifuged 
promptly (2,000 x g for 10 min at 5°C ). Aliquots of 
. : plasma from each pig were stored at -23°C until 
analysis could be conducted. 
•Total plasma Cortisol was measured using a com-' 
. .mercially available 125 I RIA kit (ICN Biomedicals,; 
Costa Mesa, CA). Recovery was validated using 20 /iL 
of porcine plasma supplemented with 0, 10, 100, or 
1,000 ng/mL of Cortisol standards in a 25-/*L reaction 
volume. Recoveries ranged from 82 to 100%. Plasma 
samples were serially diluted 1:2, 1:4, and 1:8 with the 
provided diluent to demonstrate, parallelism Intra- 
assay variation was 2.4%, and sensitivity of the assay : 
. was.^1.5 ng/mLi. " ' ' ', 

' ..■> 'Total plasma .TNF-or was measured using a com- ? 
. mercially available ELISA specific for porcine TNF-a 
(Endpgen, Cambridge, MA). Plasma samples were 
' assayed in duplicate ait' either 1:1 ; or Oolulution. The" 
/ assay was sensitive to 10 pg/mL of TNF-a and had an 
intraassay. Cy ; of < 10%. ' ;. 

: Total plasma TL-6 was measured using the IL-6 
sensitive, 7tdl . B-cell hybridoma cell proliferation ' 
. assay (Wright e% al., .1993). Cells were suspended at a ' 
concentration of 1.5 . x 10 5 cells/mL in RPMI-1640 
. supplemented with 10% (vol/vol) heatinactivated ' 
fetal calf serum, .100 U/mL of penicillin and 100 mg/ 
mL of streptomycin. Fifty microliters of cell suspen- • 
sion was added to each well of a 96-well plate. Fifty s 
microliters.of RPMI-1640 containing senim (diluted 1: f 
.} 50, 100, 200, 400, . 800, and < i;600) or recombinant : 
v mouse-IM (200 pg/mL and six 1:2 dilutidris of ttus -| 
./amount down to .095 pg/mL) was added to each well ' 
. jand assayed hi triplicate. After 72 h at 37 b C, :5% 'C02,' ; ; 
. and 95% . humidity, proliferation was determined by : 
adding; 40, nL; >of . 3^4,5rdimethlthiazpl^2-yl),-2,5- r ■ 
diphenyltetrazplium bromide ( MTT;' 2 mg/mL in 
double deionized water). The MTT Was incubated 
with the cells at 3? 9 C for 4 h, at which time 100 /iL of 
50% (vol/vol) dimethyformamide (DMF):20% (wt/ 
vol) SDS dissolved in double deionized water was 
added to each well. Cells were incubated for 16 h with 
the 50% DMF:20% SDS solution to lyse cells and 
solubilize MTT crystals. Plates were read at 550 nm 
using an automated microplate reader (EL311, Bio ' 
Tek Instruments, Winooski, VT). The absorbance of 
triplicate wells was averaged and compared to stan- 
dard curve values to determine units of IL-6 activity. 
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Plasma samples were analyzed for a-1 acid- 
glycoprotein ( a-l-AGP) concentrations using a radial 
immunodiffusion assay (Development Technologies 
International, Frederick, MD). Aliquots of 5 fiL of 
plasma were pipetted into agar plates containing 
antibodies specific for porcine a-l-AGP and incubated 
for 48 h at 37°C. The concentration of a-l-AGP was 
determined by measuring the precipitin ring formed in 
the agar and comparing it to a standard curve 
developed using purified porcine a-l-AGP. 

Plasma triglycerides were measured using the 
GPO-Trinder method, an enzymatic, colorimetric as- 
say (Sigma Chemical, St. Louis, MO). Plasma NEFA 
were measured using an enzymatic, colorimetric assay 
purchased from Wako Chemical (Norfolk, VA). 
Plasma glucose concentration was measured using ah 
enzymatic, colorimetric assay (Sigma). Plasma urea 
nitrogen was measured on an autoanalyzer (Boehring 
Mannheim Diagnosis, Indianapolis, IN) using a 
method based on the procedure of Skeggs (1957). 

Experimental Design. Seventy-two pigs (36 barrows, 
36 gilts) with ^ an. average initial weight of 11.6 kg 
were allotted to pens '.based on sex, ancestry, and 
weight; Pens consisted Of three pigs of the same sex 
originating from .. the same litter, when : possible. 
^Individual pigs within pens were randomly assigned 
to oneuof three injection treatments, and each pen of 
pigs was randomly assigned; to one of six sampling 
" times. :'Thedesigh "was chosen so that' pigs' were only 
sampled once, eliminating the effects of prior sam- 
pling . ..Thus, at each sampling time two barrow and 
two gilt pens were ^sampled , ( 12 pigs, four ' pigs/ 
; treatment). Treatments (LPS injections) were ad- 
'' ministered immedtafely/ollowingjimtial weight, deter? .'; 
minatipn at 0800. Treatments, included injection of. 
three. doses of : LPS: 0, ;5, and 5 pg/kg BW The LPS 
( Escherichia coli serotype K-235; Sigma) was dis- 
solved in sterile 4% (wt/yol) NaCl solution sO ithat , 
injection of ";lj,inlAg.pf solution would; achieve the 
.-.desired: dosage. All, injections; were given i.p. in the- • 
, lower abdominal region. t. '•,!•. - . ; - v . . ;< >>- 
; Blood samples were taken from two barrow and two , 

-MpS^ 8 ^ e % e jnitiai ; weight determination and at 
2. 4, 8^ 12, and 24 h after LPS injection. Blood sample's; 
t ? ken .before "initial weight, : determination - are 
described as^time 0. All pigs were deprived, of feed for 
12 ^: p!*f°? e time ;1 P> a "d they . were hot given feed 
during the course of 'the i. 24-ti postinjection evaluation 
period. ' ' ,\. ' " ". ' ' ' " 

Statistical Analysis^ Data were analyzed as' a 
completely randomized design, and ANOVA was 
conducted using the GLM procedure of SAS (1992). A • 
factorial arrangement of treatments was used with the 
following factors: sex (barrow vs gilt), dose (0, .5, or 
5/tg/kg LPS), and time (0, 2, 4, 8, 12, or 24 h after 
injection). The main effects and their appropriate 
interactions were tested, and it was observed that the 
effect of sex was not significant (P > .10). Sex, 
therefore, was not included in subsequent analyses. 
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... Figure ^ ., Plasma tumor necrosis fador-a (TNF-o(j' 6f 
pigs following a challenge dose of lipopolysaccharide. 
Pigs were injected i.p: with either saline or .5 or 5/tg/kg 
BW of LPS a; 0. h. Feed was removed 12 h before 
injection and was not available throughout ; the 
24-h period after injection. Asterisks indicate that a- 

'treatment mean .at a 'giveirtime period is different' from 
the salinerinjected control, (P? < .05);, <!., .. ; 



Data* were then subjected to ; one- (dose, time) and 
^o-Way (dose x time) ANOVA to determine the 
significance of the main -^l^^d'ihW/interactiqiib. 
When ANOVA revealed a significant effect of dose or a 
dose x time interaction, differences i among treatment 
means' .were' , tested ! using paired f-tests.' ^ • ' 



■ ; ■■■■ ■■[ Results' * 

5 Intraperitoneal injection of LPS increased plasma 
levels of TNF-i and IL-6, Two-way ANOVA of plasma 
TNF-a : and IL-6 concentrations i revealed an effect of 
dose (P •'■'.< 0i); time (P <. 01), and a time x dose ; 
interaction (P < .01). Whereas .5 /tg/kg LPS. did. not 
increase ' plasma TNF-or, 5 /tg/kg LPS induced a 
10-fold (P < .01) increase in plasma TNF-a at 2 h 
after the injection (Figure 1). In these pigs, plasma 
TNF-a was still elevated at 4 h ( P < .01) but returned 
to baseline by 8 h after injection (Figure 1). 
Concomitant with the peak in TNF-a, the plasma 
concentration of IL-6 in pigs receiving 5 /tg/kg LPS 
was increased ( P < .01), although .5 /tg/kg LPS had no 
effect on IL-6 levels (Figure 2). Plasma IL-6 levels of 
pigs receiving 5 /xg/kg LPS peaked at 4 h after 
injection at levels greater than 200-fold (P < .01) 
those of the controls (Figure 2). Plasma IL-6 levels of 



LPS-treated pigs returned to normal by 12 h after 
injection. 

Acbninistration of LPS increased the activity of the 
hypothalamic-pituitary-adrenal axis, as evidenced by 
increased plasma Cortisol levels (Figure 3). Two-way 
ANOVA of plasma Cortisol concentration revealed an 
effect of time ( P < .01) and dose ( P < .01) and a time 
x dose interaction (P < .01): Plasma Cortisol before 
injection was between 2.5 and 3.5 /tg/dL, which is 
consistent with previous observations of nonstressed 
pigs (Johnson et al., 1994). Both doses of LPS 
increased (P < .05) plasma Cortisol concentrations at 
2 h after injection, but the change in plasma Cortisol 
induced by .5 /tg/kg was smaller and more transient 
than that induced, by 5 /xg/kg LPS. Plasma Cortisol 
concentration of pigs injected with 5 tig/kg LPS peaked 
at 4 h and remained elevated ( P < .05) at 8 h before 
-returning to control levels at 12 h after injection. 

Plasma urea nitrogen, an indicator of protein 
catabolism in feed-deprived animals, was elevated by 
LPS administration (Figured). The PUN levels were 
increased two- and threefold/ P < .05). at 8 and 12 h, 
respectively; ; in ;pigs injected with .< 5 fig/kg LPS. 
Administration of .5. /tg/kg LPS had no effect on PUN 
levels. There was a trend (P < .10) for increased PUN 
levels at 24 h after injection that could be explained by 
proteolysis typical, of an extended period without feed. , 
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Figure 2. Plasma interleukin-6 (IL-6) of pigs following 
a challenge' dose of lipopolysaccharide. Pigs were 
injected i.p. with either saline or .5 or 5 /tg/kg BW of 
LPS at O h. Feed was removed 12 h before injection and 
was not available throughout the 24-h period after 
injection. Asterisks indicate that a treatment mean at a 
given time period is different from the saline-injected 
control (P < .05). 
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Figure 3. Plasma Cortisol of pigs followirig a, challenge 
dose of lipopolysaccharicle. Pigs were injected i;p. with 
either saline or ;5 or 5 Atg/kg BW of LPS at O h: Feed was '■■ 
removed 12;h before injection and; was; not available^ 
throughout the 24^h period after mjection.^Asterisks': 
indicate that a treatment mean at a given time period is > 
different from the saline-injected control (P % .05). * 



Pigs lost an average of 800 g of BW due to the i 
extended period of feed deprivation, but LPS injection 
had no effect on weight loss (P > .10). Changes in 
plasma concentrations of glucose, triglycerides, NEFA, 
and a-l-AGP were not significant (Table 1). However,' 
the duration of feed deprivation seemed to affect those \. 
variables. As expected, NEFA arid triglyceride coricen- 
trations increased (P < .05) and plasma glucose 
tended to decrease with time of feed deprivation. 



;.- '■■ Discussion - >'*' ; - ; . A\ 

,. The present view is that the reduction in" feed 
intake, lean muscle accretion, arid growth observed in 
diseased or immunologically challenged pigs is the 
result of increased cytokine activity, but this has riot 
been directly tested. As a first step toward addressing 
this issue, pigs were injected i.p. with three doses of 
LPS in order to activate the immune system and 
develop complete dose- and time-response curves for 
the cytokines TNF-a and IL-6, Cortisol, arid several 
blood metabolites that may indicate changes in 
protein, lipid, and carbohydrate metabolism. The 
resultant data demonstrate that pigs injected with 
LPS have increased plasma levels of TNF-a, IL-6, and 
Cortisol. Furthermore, the increase in circulating 



cytokines and Cortisol caused by LPS was followed by 
a dramatic increase in PUN levels, but not triglycer- 
ides or NEFA. Because PUN was elevated by LPS in 
feed-deprived animals, the present results are inter- 
preted to suggest that immunological challenge in- 
creases muscle protein degradation, perhaps via the 
induction of macrophage-derived cytokines. 

There is substantial evidence to suggest that 
cytokines synthesized in response to challenge by LPS 
either directly or indirectly cause skeletal muscle 
protein degradation. In rodents, LPS increases plasma 
levels of TNF-a, IL-6, and IL-1, and it also increases 
skeletal muscle protein degradation (Jepson et al 
1986; Fong et al., 1989; Goodman, 1991). This is also' 
the case in birds; increased IL-l-like activity in 
plasma has been reported in chicks injected with LPS 
(Klasing et al., 1987). Additionally, when incubated 
with a crude preparation of IL-i in vitro, increased 
proteolysis was observed in skeletal muscle isolated 
from the chick wing (Klasing et al., 1987). Numerous 
studies involving injections of recombinant cytokines 
including TNF-«, IL*1, and IL-6 now confirm that the 
effects of LPS on protein metabolism are due in large 
part to the induction of cytokine' synthesis. 

Intravenous infusion of TNF-a alone or in combina-r 
tiori i with IL-1 increased skeletal muscle 1 protein 
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Lire 4. Plasma urea nitrogen of pigs following a 
challenge dose of lipopoiysaccharide. Pigs were injected 
i.p. with either saline or .5 or 5 Atg/kg BW of LPS at 0 h. 
Feed was removed 12 h before injection and was not 
available throughout the 24-h period after injection. 
Asterisks indicate that a treatment mean at a given time 
period is different from the saline-injected control (P < 
.05). 
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Table 1 Plasma concentration of various blood metabolites and a-l-acid 
glycoprotein following a challenge dose of lipopolysacchande* 



Hour after injection 



Variable 



8 



12 



24 



SEM 



and LPs , n&kg 

NEFA, meq/dL 
0 

.5 

5 


160.9 
252.9 
270.5 


528.3 
728.3 
543.4 


406.7 
341.7 
526.0 


801.0 
840.3 
644.6 


812.3 
902.2 
680.8 


730.5 
652.7 
609.9 


50.3 
48.9 
51.6 


Triglyceride. mg/dL 
0 

.6 

6 


54.8 
62.5 
45.6 


53.3 
42.6 
58.6, 


68.2 
56.1 
88.8 


66.7 
50.5 
52.2 


" 73.4 
92.4 
' 64.2 


86.2 
106.6 
103.8 


5.2 
5.0 
5.3 


Glucose, mg/dL 
0 

.5 ' • 

6 


82.2 
80.3 
'77.2 


67.2 
67.8 
74.7 ■.- 


58.9 
■: 77.8 
. 47.2 


• 69.1 
. 59.1 
86.6 . 


64.7 
51.0 
'53.5 


71.6 
64.7 
.71.4 


3.6 

. 3.5 
' 3.7 


a-l-AGP, ng/ml? 
0. 
.5 

5 


1,117 
1.025 
1,077 


1,123 
1.050 
1,118 


1,266 
1,065 
1,065 


1,316 
1,281 
1,073 


1,070 
1,076 
1,076 


1^058 

l.ioo 

976 


35.7 
34.7 
36.6 



%g.T$X££^ S'JM* .5. or 5 ^ BW, were.nJecWi.p: at and 

blood samples were taken at 0, 2, 4, 8, 12, and 24 h following, injection. , . . . 

* c <x-l-AGP-.= a-l-acidglycoproteiri. ■' . - ... • , -' '■•*'" 



catabolism in rate (Flores et al., 1989).. In addition,. 
Goodman (1991) showed that infusion of TNF-a and 
LPS, but not IL-1, enhanced muscle proteolysis, as 
evidenced by - 3-methyl-L-histidine - and tyrosine 
release from isolated skeletal muscle and an increase 
in blood urea concentrations. Consistent with the idea 
; that cytokines secreted by activated macrophages 
induce muscle protein degradation, the increase in 
PUN at 8 h in pigs given 5 /tg/kg of LPS occurred only 
after peak levels of TNF-a (i.e., at 2 h) and IL-6 (i.e., , 
at 4 h) were observed. The time course of increased 
plasma cytokines, Cortisol, and urea nitrogen after i.p. 
injection of, 5',/ig/kg' LPS is shown in Figure: 5. 
HoweveV, pigs that received j /tg/kg of LPS did not 
have increased plasma levels of TNF-a or IL-6, and 
they did not have increased levels of PUN. Interest- 
ingly, we have recently reported that this same dose of 
LPS induced profound anorexia even in pigs deprived 
of feed for 12 h (Johnson and von Borell, 1994; 
Warren et al., 1997); Therefore, it seems reasonable to 
postulate that increased muscle catabolism, indicated 
in this study by a profound threefold increase in PUN, 
was .due to the elevated levels of plasma cytokines. 

Although the proinflammatory cytokines act 
directly on skeletal muscle to inhibit protein accretion 
and accelerate protein degradation, cytokines also 
induce a variety of other endocrine responses that are 
likely to induce proteolysis. For example, TNF-a, IL-6, 
and IL-1 stimulate the hypothalamic-pituitary- 
adrenal axis: In particular, IL-1 has been shown to 
stimulate neurons in the hypothalamus to secrete 
corticotropin-releasing hormone (Berkenbosch et al., 
1987). Moreover, infusion of IL-1 receptor antagonist 
into a lateral ventricle of the rat brain inhibited the 



expression of corticotrppih-releasing hormone mRNA 
in the hypothalamus "following i.p. injection of LPS 
(kakucska et al.,, 1993), The! secretion of glucocorti- 
coids is part.of a negative feed6»Blc;lc^> that regulates 
the immune system to prevent it 'from oveireactirig 
(Khudsonet al , 1987; Bertini et al; 1988; McCallum 
et ai.,1990; Johnson et al., 1996). However, glucocor- 
ticoids also produce a variety of tissueTspecific meta- 
bolic effects. In hver they "are anabolic in iliat they 
increase glucbn'eogehesis and "protein , synthesis,, but in 
■muscle and adipose tissue, .glucocorticoids are ; cata- 
boli'c, inducing proteolysis and lipoiysis,' respectively 
(Millward et at, 1985; Lacasa et al.; 1988). . Because' 
LPS increased, plasma Cortisol in a time v and Idpse- 
dependent fashion in our study, itcis . plausible that 
they contributed to the increased PUN following LPS 

administration..', . . .. .., 

The amino, acids liberated from, muscle protein 
degradation during f 'inflammation, are thought .. to 
provide fuel for riepatic acute phase protein syhthesis 
(Reeds et al.T 1994)..The cytokine IL-6 acta directly on 
hepatocytes to stimulate amino iacid uptake and 
synthesis of a -broad array of acute-phase proteins. The 
synthesis of acute-phase proteins may increase 25% or 
. more following tissue, damage .', or infection. Numerous 
acute-phase proteins, have been identified in pigs, 
including C-reactive protein, haptoglobin, and a- 
1-AGP (Itoh et al., 1992; tampreave et al., 1994).. 
Increased serum haptoglobin concentrations have 
been reported in pigs infected with Actinobacillus 
pleuropneumonia (Hall et al., 1992) and elevated 
plasma C-reactive protein concentrations have been 
demonstrated in pigs injected with turpentine (Burger 
et al., 1992). More recently, Williams et al. (1993) 
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Figure 5. The time course of elevated plasma levels of 
rumor necrosis facfor-a (TNF-a), interleukin-6 (IL-6),' 
Cortisol, and plasma urea nitrogen (PUN) following i.p. 
injection of lipopolysaccharide (5 /*g/kg BW). Note the 
threefold increase in plasma urea nitrogen after the 
marked increases in TNF-a and IL-6. 



compared a-l-AGP levels of pigs in environments that 
presumably presented either a high or low level of 
,., immune stimulation and reported the level of immune; ' 
• ...stimulation and plasma concentration of a-l-AGP to - 
be positively, correlated. In the present study, • 
, '.???™ 6ve ?"- ,: d ? 8 P ite increasing plasma TNF-ai IL-6, and ; 
" Cortisol^ LPiS did not increase a-l-AGP'concentrationsrr 
; , It should be noted that the .baseline levels of a- 
1-AGP for pigs in pur study were similar to those 
reported by WiUiams et al. (1993) fori pigs that 
, presumably had a high; level of immune stimulation. ' 

Indeed, in their study plasma level of a-l-AGP was , 
,, .used' as an indicator of immune, system .activation. 
Thus, if pigs in the present study had maximal levels 
of, a-l-AGP before" LPS, , this may explain why a-... 
1-AGP was not increased.by LPS. Alternatively, other > 
. investigators reported that a-l-AGP : levels were not 
elevated in the plasma of pigs following the injection ^ 
of turpentine (Lampreave et al.; - 1994) or LPS (M. E. I 
.^Spurlock, personal communication), suggesting that ' 
?. * ci ? te immunological ^stress, induced by turpentine or 0 
^ LPS, , does not . increase the synthesis of . a-l-AGP.. \ 
. Alterations in lipid and glucose metabolism' are also 
associated with infection. In rodents, TNF-a, IL-,6, and ; 
IL-1 induce hypertriglyceridemia by decreasing mus- 
cle and adipose lipoprotein lipase ; activity , and ..; by. , 
increasing the rate of hepatic fatty acid synthesis and • 
their subsequent incorporation into very-low-density 
, lipoproteins (Hardardottir et al., 1994), However, in 
our study neither triglycerides nor NEFA were , 
elevated by LPS, even though IL-6, which was 
increased 200-fold, has recently been shown to in- 
crease triglycerides in rats (Nonogaki et al., 1995). 
Species differences in the site of fatty acid synthesis 
could explain the apparent absence of elevated 
triglyceride levels in the current study because rate 



and pigs synthesize fat de novo primarily in liver and 
adipose tissue, respectively. 

Alterations in glucose metabolism are associated 
with immunological challenges, but the observed 
changes can be highly variable depending on the 
severity of insult and the time of sampling (Lang and 
Spitzer, 1987). In general, immunological stress 
increases hepatic glucose production via increases in 
gluconeogenesis and glycogenosis while at the same 
time increasing extrahepatic utilization of glucose. 
The net result of these changes is an early, transient 
hyperglycemia. Lang et al. (1992) reported elevated 
plasma glucose concentrations following LPS injection 
that returned to normal values by 2 h after the 
injection. It is possible that we did not see altered 
plasma glucose in our study because the first sampling 
time was too late to observe this change. 

Regarding the effects of feed deprivation per se, 
plasma concentrations of NEFA and triglycerides 
increased from 0 to 24 h after injection ( 12 to 36 h of 
feed deprivation). Elevated NEFA levels are common 
in feed-deprived animals as a result of increased 
adipose tissue lipolysis (Murray et al., 1993). Plasma 
triglycerides also increase during feed deprivation 
because plasma NEFA concentrations exceed the 
capacity, of liver to oxidize them. An increase, in 
protein breakdown was also evident at 24 h after, 
injection, as indicated by an .elevation j in PUN. 
Increased' protein-degradation is a typical response in ^ 
early feed-deprived conditions because amino acids are ! 
needed . as .gluconeogenic ; substrates in the iiver. 

In conclusion, LPSV adminw 
release Of TNF-q, IL-6, and Cortisol: Because! these 
molecules have been shown to. induce proteolysis arid 
lipolysis iri; other species,," it seems reasonable to 
postulate that they play an! important role in modulat- 
ing growth in .immunologically challenged pigs. More , 
specifically, cytokines may have a , direct role in 
inducing elevated muscle protein catabolisca, as , evi- : ' 

dei ?fr e 4 elevated PUN , concentrations observed 

herein. ' '' '' "'" "■ 



ications 



/.^ThVpi^sent's^udy. indicates that stimulation of the 
pig's immune system ' results jn increased '" plasma ' 
levels of cytokines and ",°cortisol: These metabolically 
active molecules may be involyed in the reduction of 
feed intake, lean muscle accretion, and growth in 
diseased or immunologically challenged pigs. Because 
the increase 1 in cytokines and Cortisol was followed by 
a profound increase in plasma urea nitrogen, these 
data support the idea that immunological challenge 
induces skeletal muscle protein degradation. There- 
fore, we suggest that understanding how cytokines 
alter intermediary metabolism in growing animals is a 
prerequisite to understanding why sick or immune- 
challenged animals do not grow well. 
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The objective of this study was to investigate the impact of feeding mice 

a diet rich in n-3 polyunsaturated fatty acids (PUFA) 

from fish oil on the interferon- . gamma . ( IFN- . gamma . ) response 

during an active infection with Listeria monocytogenes. Weanling female 

C3H/Hen mice were fed experimental diets containing 20% by weight one of 

the following fats: soybean oil, lard, or a mixture of 

menhaden fish oil and corn oil (17:3, w/w) . After 4 

weeks, mice were injected with 105 live L. monocytogenes, and 

the concentration of IFN- .gamma, in serum and spleen was determined 0, 

4, and 7 days postinfection by enzyme-linked immunosorbent assay (ELISA) . 
Fish oilfed mice showed significantly higher IFN-. gamma, in their blood 

2 and 4 days postchallenge compared with mice fed the soybean 
oil-containing or lard-containing diets (p < 0.001). A higher 
concentration of IFN-. gamma, was also found in the spleen homogenate of 
fish oil-fed mice on day 4 postchallenge (p < 0.005). To examine in vitro 
IFN-. gamma, production, splenocytes were isolated from fish oil- fed and 
soybean oil-fed mice on day 4 postchallenge and cultured 
with concanavalin A (1 .mu.g/ml and 10 .mu.g/ml) for 24 and 48 h. There 
were no significant differences in the IFN-. gamma, concentration m cell 
culture supernatants between these diet treatments. This study 
demonstrated that the elevation in the concentration of IFN-. gamma, m 
blood and spleen during murine listeriosis is accentuated and prolonged 

dietary n-3 PUFA, and these effects may not be due to changes in 
I FN-. gamma, production. 
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Dietary Fish Oil Enhances Circulating Interferon- y in Mice 
During Listeriosis Without Altering In Vitro Production of 

This Cytokine 

K.L. FRITSCHE, 1 C. FENG, 1 and J.N. BERG 2 



ABSTRACT 

The objective of this study was to investigate the impact of feeding mice a diet rich in n-3 polyunsaturated 
fatty acids (PUFA) from fish oil on the interferon-y (IFN-y) response during an active infection with Listeria 
monocytogenes. Weanling female C3H/Hen mice were fed experimental diets containing 20% by weight one 
of the following fats: soybean oil, lard, or a mixture of menhaden fish oil and corn oil (17:3, w/w). After 4 
weeks, mice were injected with 10* live L. monocytogenes, and the concentration of IFN-y in serum and spleen 
was determined 0, 2, 4, and 7 days postinfection by enzyme-linked immunosorbent assay (ELISA). Fish oil- 
fed mice showed significantly higher IFN-y in their blood at 2 and 4 days postchallenge compared with mice 
fed the soybean oil-containing or lard-containing diets (p < 0.001). A higher concentration of IFN-y was also 
found in the spleen homogenate of fish oil-fed mice on day 4 postchallenge (p < 0.005). To examine in vitro 
IFN-y production, splenocytes were isolated from fish oil-fed and soybean oil-fed mice on day 4 postchallenge 
and cultured with concanavalin A (1 /xg/ml and 10 /ig/ml) for 24 and 48 h. There were no significant differ- 
ences in the IFN-y concentration in cell culture supernatants between these diet treatments. This study demon- 
strated that the elevation in the concentration of IFN-y in blood and spleen during murine listeriosis is ac- 
centuated and prolonged by dietary n-3 PUFA, and these effects may not be due to changes in IFN-y 
production. 



INTRODUCTION 

Clinical data have shown that fish oils rich in long-chain 
n-3 polyunsaturated fatty acids (n-3 PUFA) have benefi- 
cial effects on inflammatory and autoimmune disorders, such 
as rheumatoid arthritis/ 1 ' asthma, (2) psoriasis, (3) ischemia- 
reperfusion injury, <4) and cystic fibrosis/ 5 ' During the last 
decade, numerous studies have demonstrated that n-3 PUFA 
can modulate a wide range of immune responses, including lym- 
phocyte proliferation/ 6 - 7 ' cytotoxicity , (8>9 > delayed-type hyper- 
sensitivity reactions/ 10 ' and antigen presentation/ 1 u2) Al- 
though it is widely recognized that dietary fats can alter immune 
and inflammatory responses, our understanding of how dietary 
lipids change the immune response is incomplete. There are 
three commonly proposed mechanisms by which n-3 PUFA 



modulate immune/inflammatory responses: changes in eico- 
sanoid biosynthesis, alterations in membrane phospholipid fatty 
acid composition, which in turn could alter membrane-associ- 
ated protein and receptor function, and changes in cytokine pro- 
duction (see reviews in refs. 13-16). Most of the fatty acid-cy- 
tokine research to date has focused on the effects of dietary n-3 
PUFA on the in vivo and in vitro production of interleukin-1/3 
(IL-1/3), tumor necrosis factor-a (TFN-a), IL-6, and IL-2/ 17 " 19 ) 
However, little is known about the effect of dietary fat, espe- 
cially n-3 PUFA, on interferon-y (IFN-y) production. 

IFN-y is a multifunctional protein that plays a central role 
in modulating immune and inflammatory responses/ 20 ' 21 ' 
IFN-y is produced by T lymphocytes and natural killer (NK) 
cells. It can influence the class of antibody produced by B cells, 
upregulate the expression of major histocompatibility complex 
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(MHC) class I and II antigens, and increase macrophage-me- 
diated killing of intracellular pathogens. In a previous study, 
our laboratory reported that dietary fat influenced the expres- 
sion of MHC class II molecules during murine Listeria mono- 
cytogenes infection.' I2) Mice fed the fish oil-containing diet 
(rich in n-3 PUFA) showed reduced expression of MHC class 
II molecules compared with those fed diets rich in n-6 PUFA, 
monounsaturated fatty acids, or saturated fatty acids. Others 
have reported reduced expression of MHC class II molecules 
on immune cells from rats (22) and humans (23) following n-3 
PUFA enrichment. MHC class II molecules are critically im- 
portant for the development and function of cells in the immune 
system. (24 " 26 > The expression of MHC class II molecules is in- 
ducible and influenced by many factors. Among these factors, 
IFN-y is the most potent stimulator of the expression of MHC 
class II molecules (27 28) and prostaglandin E 2 (PGE 2 ) an im- 
portant downregulator. (29 30) That fish oil feeding leads to re- 
duced MHC class II expression in the face of reduced PGE 2 
production is paradoxical. One possible explanation might be 
that fish oil reduces IFN-y production, which might have a 
greater net effect on MHC class II expression than the reduced 
PGE 2 . 

In the present study, we examined the effect of dietary fat 
type on IFN-y concentration in the circulation and spleen dur- 
ing murine listeriosis, as well as the in vitro secretion of IFN- 
y by mitogen-stimulated splenocytes. We hypothesized that 
feeding mice a dietary fat source rich in n-3 PUFA (i.e., men- 
haden fish oil) would reduce IFN--y production in vivo and in 
vitro. To test our hypothesis, we carefully formulated experi- 
mental diets using purified ingredients, such that the macronu- 
trient and micronutrient compositions of all diets were identi- 
cal, except for the source of fat. This approach is superior to 
the addition of test fats to commercial diets, an approach that 
would lead to a substantial dilution of essential nutrients on a 
per calorie basis.* 3 u33) Our long-term goal is to clearly delin- 
eate the mechanism(s) for the immunomodulatory actions of di- 
etary n-3 PUFA. This is the first study to demonstrate that di- 
etary n-3 PUFA affect the in vivo IFN- y response in mice during 
an infectious disease challenge. 

MATERIALS AND METHODS 

Animals and diets 

Specific pathogen-free weanling female C3H/Hen mice 
(Charles Rivers Inc., Portage, MI) were used for this study. 
Mice were placed in hanging wire stainless steel cages (one an- 
imal per cage) in an environmentally controlled room (21-24°C, 
50%-60% relative humidity). A diurnal light cycle of 12 h was 
maintained throughout the study. Animals had free access to 
distilled water. After adaptation for 1-2 days, mice were ran- 
domly allotted to one of the three experimental diets. Housing, 
handling, and sample collection procedures conformed to poli- 
cies and recommendations of the University of Missouri's Lab- 
oratory Animal Care Advisory Committee. 

The experimental diets were designed according to the AIN- 
93 diet guidelines/ 34 ' with minor modifications necessary to 
accommodate an increase in caloric density as fat content was 
increased from 7% to 20% by weight. The composition of the 
experimental diets was (g/kg): casein, 230; corn starch, 354.6; 



Table 1 . Fatty Acid Composition 
of Experimental Diets 



Dietary treatment groups" 



Fatty acids b LRD SOY MFO 



(mol/100 mol) 

14:0 — — 4.6 

16:0 15.9 10.4 17.7 

16:ln-7 1.1 — 9.9 

18:0 19.0 4.0 3.6 

18:ln-7&9 51.9 24.1 16.8 

18:2n-6 10.8 54.8 12.7 

18:3n-6 — 0.8 0.5 

18:3n-3 0.4 6.4 1.6 

20:5n-3 — — 15.9 

22:5n-3 — — 2.9 

22:6n-3 — — 12.0 



"Diets contained 20% (w/w) lard (LRD) and soybean oil 
(SOY) or 17% menhaden fish oil and 3% corn oil (MFO). 

b Fatty acids are denoted by the number of carbons: the num- 
ber of double bonds, followed by the position of the first dou- 
ble bond relative to the terminal methyl group (n). 

a-cellulose (fiber), 57.4; L-cystine (Ajinomoto Co. Inc., Tokyo, 
Japan), 3.4; mineral mix (AIN-93G), 40.2; vitamin mix (AIN- 
93G), 11.5; sucrose, 100; choline bitartrate, 2.9; fat, 200. 

Lard and soybean oil, as well as other diet ingredients, were 
purchased from U.S. Biochemical Corp. (Cleveland, OH) un- 
less otherwise indicated. Menhaden fish oil (RBU-D grade) was 
donated by Zapata Protein Inc. (Reedville, VA). To provide 
mice sufficient linoleic acid, an essential fatty acid, a small 
amount of corn oil was added to the fish oil (1:6 parts, respec- 
tively). The fat-free portion of these diets was mixed in a sin- 
gle batch at the beginning of the study to ensure uniformity of 
macronutrient and micronutrient composition across all treat- 
ment groups. Experimental diets were made by mixing small 
aliquots of either the lard, the soybean oil, or the fish oil-corn 
oil mixture (20 g) into 100 g aliquots of this fat-free diet. The 
fatty acid composition of the diets was analyzed by gas chro- 
matography following extraction and acid-catalyzed methyla- 
tion (Table 1). Diets were stabilized against autooxidation by 
the addition of 1 .2 /amol/liter tertiary-butyl hydroquinone (East- 
man Kodak Co.) to the oils on receipt, as well as storage of di- 
ets at 4°C. Mice were fed fresh diet daily. 

Study design 

Four weeks after starting the experimental diets, mice were 
given an intraperitoneal (i.p.) inoculation of 10 5 colony-form- 
ing units (CFU) freshly thawed L monocytogenes (ATCC 
43249). We have demonstrated that the dose of Listeria used 
in the present study (10 5 CFU) is not lethal. (35) Mice were killed 
on days 2, 4, and 7 postchallenge. Control mice were injected 
with sterile saline either 2 or 4 days before killing. 

Sample collection 

Mice were anesthetized by intramuscular (i.m.) injection of 
ketamine-HCl (50 /tmol/100 g body weight; Aveco Co., Inc., 
Fort Dodge, I A) and xylazine (4 /u.mol/100 g body weight; 
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Mobay Co., Animal Health Division, Shawnee, KS). Blood was 
collected by cardiac puncture and allowed to clot at ambient 
temperature for 1 h. Serum was collected by centrifugation of 
blood samples (2000g, 20 min). Serum samples were stored at 
-80°C until they could be analyzed for IFN-y. 

Following blood collection, spleens were removed from 
mice, weighed, and placed on ice in sterile polypropylene test 
tubes containing 10 ml of culture medium (i.e., RPMI-1640). 
Within 1 h of collection, homogenates were prepared with a 
Dounce tissue grinder. Spleen homogenates were frozen and 
thawed three times and then clarified by centrifugation (2000g, 
20 min). Supernatants were transferred into clean tubes and 
stored at -80°C until they could be analyzed for IFN-y. 

Production of IFN-y by cultured splenocytes 

In a separate experiment, mice were fed the same designed 
experimental diets for 4 weeks and then injected i.p. with 10 5 
live L monocytogenes. On day 4 postchallenge, spleens were 
harvested, and splenocytes were isolated by density gradient 
centrifugation. Single cell suspensions of splenocytes were 
made by forcing the spleen sample through a tissue sieve 
(Sigma, St. Louis, MO) equipped with an 80-mesh stainless 
steel screen. Using a 10-ml syringe without a needle, cell 
clumps were dispersed by several gentle washings through the 
sieve. Red blood cells and dead cells were removed by cen- 
trifugation (30 min at 400g) of the cell suspension over 
Hi stopaque- 107.7 (Sigma Diagnostics) at 20°C. After centrifu- 
gation, mononuclear cells at the interface (predominantly lym- 
phocytes) were collected, washed twice, and resuspended in 
medium. Cell samples were enumerated electronically with a 
Coulter Counter, Model ZBI (Coulter Electronics, Hialeah, FL). 

Splenocytes were resuspended at a concentration of 10 6 
cells/ml in RPMI-1640 medium (pH 7.4) with the following ad- 
ditives: NaHC03 (24 mmol/liter), L-glutamine (2 mmol/liter), 
HEPES (10 mmol/liter), penicillin (100,000 U/liter), strepto- 
mycin (0.17 mmol/liter), 100 ml/liter fetal bovine serum (FBS). 
Cells were cultured in 24-well flat-bottom tissue culture plate 
(10 6 cells per well) at 37°C in an atmosphere of 5% CO2 and 
95% relative humidity. IFN-y production was stimulated with 
concanavalin A (i.e., a mitogen) at 1 /xg/ml and 10 /xg/ml. Cells 
cultured without mitogen served as unstimulated controls. Cell- 
free supernatants were collected after 24 and 48 h of culture 
and stored at — 80°C until IFN-y concentration was measured 
by ELISA. 

IFN-y assay 

A commercially available ELISA kit (Endogen, Cambridge, 
MA) was used for determination of IFN-y concentration in the 
samples according to the manufacturer's instructions. Briefly, 
plates were treated with coating antibody overnight. The fol- 
lowing day, assay buffer (DPBS with 2% BSA, 0.01% 
thimerosal, pH 7.2) was added to each well to block nonspecific 
binding. Various dilutions of samples and standards were incu- 
bated in the plate overnight; then detecting antibody was added 
to each well. After 1 h, HRP-streptavidin (Zymed Inc., San Fran- 
cisco, CA) was added to each well. Following a 30 min equili- 
bration, the TMB substrate was added and the plate was incu- 
bated in the dark for 30 min. The colorimetric reaction was 
stopped by addition of 0. 1 8 M sulfuric acid. Plates were washed 



three times with wash buffer (50 mM Tris with 0.2% Tween- 
20, pH 7.2) between each step. All the steps were conducted at 
ambient temperature. The absorbance within each well of the 
plate was measured on an ELISA plate reader at 450 nm. The 
background absorbance, measured at 550 nm, was subtracted 
from all readings. The limit of detection for the kit was 0. 1 ng/ml. 
Because all samples were diluted a minimum of 1:5 with assay 
buffer, the limit of detection for samples was 0.5 ng/ml. Sam- 
ples were assayed in duplicate and at a minimum of two dilu- 
tions. All assays included a pooled serum sample with a known 
IFN-y concentration to serve as a laboratory standard. The in- 
traassay variation was <10% based on this laboratory standard. 

Statistical analysis 

Data are expressed as mean ± SEM. The effect of dietary 
fat at various times during listeriosis was tested by two-way 
ANOVA. When significant diet differences occurred (p < 
0.05), treatment mean differences were identified by Fisher's 
protected LSD test at each time point. All analyses were con- 
ducted on a Macintosh computer using Version 1.03 of 
StatView II software (Abacus Concepts, Inc., Berkeley, CA). 



RESULTS 

Effect of dietary fat on serum IFN-y during 
murine listeriosis 

IFN-y was detected in the blood 2 days after mice were in- 
jected with 10 5 live L monocytogenes (Fig. 1). By day 7, IFN- 




2 4 7 

Time post-challenge (days) 

FIG. 1. The effect of dietary fat on the IFN-y concentration 
in sera at various time points during murine listeriosis. Mice 
were infected with 10 5 live Listeria monocytogenes, and blood 
samples were collected 2, 4, and 7 days postinfection: The con- 
centration of IFN-y in sera samples was determined using a 
commercial ELISA kit. All samples were assayed in duplicate . 
at two dilutions (1:5, 1:10). The limits of detection was 1 ng/ml 
of sample. Each result represents the mean ± SEM (n = 8 mice 
per treatment group). Means within each time point not shar- 
ing a letter are significantly different (p < 0.05). nd, not de- 
tectable; LRD, lard; MFO, menhaden fish oil; SOY, soybean 
oil. 
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injected 



Listeria- 
injected 



2 4 



Time post-injection (days) 

FIG. 2. The effect of dietary fat on the IFN-y concentration 
in the spleen during murine listeriosis. Mice were challenged 
as described in Figure 1. Spleens were removed 2, 4, and 7 days 
postinfection, and then homogenized in sterile saline. IFN-y 
concentration of these supernatants was determined by ELISA 
at two dilutions (1:2, 1:4). Each result represents the mean ± 
standard error for a group of 8 mice. Means within each time 
point not sharing a letter are significantly different (p < 0.95). 
LRD, lard; MFO, menhaden fish oil; SOY, soybean oil. 

y was no longer detectable in the blood. Mice fed the fish oil- 
containing diet (rich in n-3 PUFA) showed significantly higher 
(p <0.05) amounts of IFN-y in their blood on day 2 postchal- 
lenge compared with those fed the soybean oil-containing or 
lard-containing diet. On day 4 postchallenge, although the IFN- 
y concentration in soybean oil-fed and lard-fed mice had de- 
clined compared with day 2, it remained high in those fed fish 
oil. The result was a 5-fold higher concentration of IFN-y in 
the serum of mice fed fish oil compared with those fed soybean 
oil or lard (p <0.001). No IFN-y could be detected in the blood 
of mice injected with sterile saline either 2 or 4 days before 
sample collection (data not shown). 

Effect of dietary fat on splenic IFN-y during listeriosis 

The concentration of IFN-y in spleen homogenates during 
murine listeriosis is shown in Figure 2. In the spleen, IFN-y 
was detected in both infected and noninfected mice (i.e., those 
injected with sterile saline). The concentration of IFN--y in the 
spleen tended to increase 2 days after the bacterial challenge, 
but the variability of these data was high. By day 7, IFN-y con- 



centration in the spleen had declined such that there was no 
longer any indication of a Listeria challenge effect. There was 
no significant difference in the splenic IFN-y concentration be- 
tween diet treatments on day 2 and day 7 postchallenge. How- 
ever, on day 4 postchallenge, a significantly higher (p < 0.005) 
level of IFN-y was seen in mice fed fish oil compared with 
those fed soybean oil or lard. 

Influence of dietary fat on the in vitro production 
and secretion of IFN-y 

In view of the higher levels of IFN-y in the blood and spleen 
of fish oil-fed mice, we sought to determine if this was caused 
by an alternation in IFN-y production. A second experiment 
was conducted following the same feeding and bacterial chal- 
lenge protocol as in the first study. Splenocytes were isolated 
4 days after a Listeria challenge. These immune cells were cul- 
tured alone or with mitogen (i.e., concanavalin A) to stimulate 
in vitro IFN-y production and release. The secretion of IFN-y 
during in vitro cell culture is shown in Table 2. In vitro IFN- 
y secretion was not observed in the cells cultured without mi- 
togen. Coculturing splenocytes with mitogen greatly increased 
the IFN-y secretion. Splenocytes cultured with mitogen for 48 
h had greater IFN-y production than those cultured for 24 h. 
There were no significant differences in IFN-y secretion by 
splenocytes from fish oil-fed and soybean oil-fed mice at ei- 
ther dose of mitogen tested (i.e., 1 and 10 /xg/ml Con A) after 
either 24 or 48 h of culturing. Similar results were found when 
splenocytes were isolated from unchallenged mice (data not 
shown). 



DISCUSSION 

The early production of IFN-y is believed to be critical in 
host defense against murine listeriosis/ 36 : 37 ' Nakane et. al. (38) 
reported that endogenous IFN-y appeared 16-24 h after Liste- 
ria infection in mice and then peaked at 48 h in the bloodstream 
and spleen. In our study, fish oil-fed mice showed significantly 
higher serum IFN-y 2 days after infection compared with mice 
fed soybean oil or lard. The difference among dietary treatment 
groups was even greater on day 4 of the infection, when fish- 
oil fed mice had over 5-fold higher serum IFN-y compared with 
mice fed the other diets. As far as we are aware, this is the first 
report of dietary fat influencing the in vivo IFN-y response in 



Table 2. Effect of Dietary Fats on in Vitro Production of IFN-y by Murine Splenocytes" 



Time 


No mitogen 


+ 1 mg/ml Con A 


+10 mg/mL con A 


24 h 


48 h 


24 h 


48 h 


24 h 


48 h 


Dietary treatment 








IFN-y (ng/ml) b 






SOY 


nd c 


nd 


27. 1 ± 10.3 


68.9 ± 15.6 


42.8 ± 8.7 


70.1 ± 8.4 


MFO 


nd 


nd 


27.1 ± 6.7 


67.4 ± 12.3 


34.0 ± 6.3 


54.7 + 8.8 



"Spleens were harvested on day 4 postchallenge from mice infected with 10 5 CFU live L. monocytogenes. Single-cell suspen- 
sions of splenocytes (10 6 /ml) were incubated at 37°C, 5% C0 2 with 0, 1, and 10 /Ag/ml Con A for 24 and 48 h. 

"The concentrations of IFN-y in cell supernatants were determined with a commercial ELISA kit. All samples were run in 
duplicate at two different dilutions. Data represent the mean ± SEM (n - 5 or 6). There were no significant differences between 
SOY and MFO treatment groups at either dose of mitogen and at either time point. 

c nd, not detectable. 
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mice. The time course for the rise and fall of serum IFN-y ob- 
served in our mice fed soybean oil or lard is consistent with 
that reported by others/ 36 ' 39 ' In contrast, the extended period 
for elevated serum IFN-y observed for fish oil-fed mice is both 
an intriguing and a novel observation. 

A significantly higher concentration of IFN--y in crude spleen 
homogenates was also noted in fish oil-fed mice compared with 
mice fed soybean oil or lard. That this difference was only ob- 
served at day 4 is consistent with the time that we observed a 
log greater bacterial load in spleens of fish oil-fed mice com- 
pared with those fed soybean oil or lard. (35) It has been reported 
previously that at day 4 into a primary Listeria infection, the 
percentage of IFN-y-producing cells in the spleen is at its great- 
est (i.e., ~20%). (40) Furthermore, these IFN-y-producing cells 
were characterized as y/S T cells. In contrast, Poston and Kur- 
lander< 4l) reported that splenic IFN-y mRNA levels and serum 
IFN-y in mice were both maximal on day 1 of a Listeria in- 
fection, decreasing steadily after that to barely detectable lev- 
els by days 4-6. We believe the primary reason for the differ- 
ence in the cytokine response to Listeria infection has to do 
with the strain of mice used in these two studies. In the study 
of Hsieh et al. (40) and in our study, C3H mice, which are con- 
sidered susceptible to Listeria, were used, whereas Poston and 
Kurlander used C57B1/6J mice, a resistant strain. (42) Qualita- 
tive and quantitative differences in the cytokine response be- 
tween resistant versus susceptible strains of mice have been re- 
ported previously/ 43 ' 

Clearly, fish oil feeding appears to substantially alter the nor- 
mal kinetics of the antilisterial response in the spleen and prob- 
ably elsewhere. The response of fish oil-fed mice, rather than 
delayed, seems to be prolonged. This prolonged IFN-y response 
may be a consequence of reduced PGE 2 production in the fish 
oil-fed mice. Recently, Hilkens et al. (44) proposed that the bal- 
ance between IL-12 and PGE 2 production by accessory cells 
(i.e., macrophages) plays a critical role in the time-dependent 
control of IFN-y production by CD4 + T lymphocytes. Although 
we did not measure splenocyte PGE 2 production in these ex- 
periments, we (45) and others* 46 ' have previously documented the 
ability of dietary fish oil to reduce murine splenocyte PGE 2 
biosynthesis. 

Although little is known of the nutritional modulation of 
IFN-y production in mice, a few reports exist in which re- 
searchers explored the effect of certain fatty acids on IFN-y 
production using either human subjects or human lymphocytes. 
For example, Purasiri et al. (47) conducted a study of patients 
with advanced colorectal cancer. They reported that the serum 
concentration of IFN-y was significantly reduced, as were the 
levels of IL-1, IL-2, IL-6, and TNF-a, after 4 months of dietary 
supplementation with a combination of y-linolenic acid, EPA, 
and DHA. The authors could not determine if this effect was 
specific for n-3 PUFA or any PUFA. In contrast, elevated IFN- 
y production has been reported in postoperative cancer patients 
enterally fed n-3 PUFA for 16 days. (48) It is unclear if the ef- 
fects observed were caused by n-3 PUFA or one of the other 
additives, as the feeding formula also contained nucleotides and 
arginine. Karsteh et al. (49) demonstrated that palmitic acid, 
linoleic acid, and at certain concentrations, stearic acid and oleic 
acid could enhance in vitro release of IFN-y by human pe- 
ripheral lymphocytes. Among these free fatty acids, palmitic 
acid had the most potent effect and augmented release of IFN- 
y twofold. In contrast to these studies, the results of our study 
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clearly demonstrate that differences in dietary fat source alone 
influenced circulating IFN-y during murine listeriosis. That the 
fish oil-fed mice responded differently from those mice fed soy- 
bean oil suggests that the effects observed are not associated 
with increased PUFA intake but specifically n-3 PUFA intake. 
It would be of interest to determine which of the fish oil-de- 
rived n-3 PUFA, EPA versus DHA, are most potent at modu- 
lating in vivo IFN-y response in mice. Future studies with ethyl 
ester of EPA and DHA might shed some light on this issue. 

A possible consequence of this dietary fish oil-induced in- 
crease in circulating IFN-y could be enhanced MHC class II 
expression, since IFN-y is a major upregulator of MHC class 
n expression. However, our laboratory* 12 ' and others* 22 - 50 ' have 
reported that n-3 PUFA reduces the expression of MHC class 
II molecules on immune cells. This immunomodulatory activ- 
ity of n-3 PUFA may have physiologic relevance because of 
the critical role of antigen presentation in immune responses. 
Recently, we observed that dietary n-3 PUFA adversely affected 
the ability of mice to survive a lethal dose of Listeria infec- 
tion. (35 > We believe that the effect of n-3 PUFA on the immune 
response of mice to Listeria is achieved, at least in part, by the 
reduction in MHC class II expression on antigen-presenting 
cells, and we now believe that this is related to an alteration in 
the in vivo IFN-y response. 

The elevated concentration of IFN-y in sera and spleens of 
fish oil-fed mice could be a consequence of enhanced produc- 
tion, reduced clearance, or both. To begin to address this issue, 
we measured the ex vivo secretion of IFN-y by mitogen-stim- 
ulated splenocytes isolated from mice fed our experimental di- 
ets. We chose not to include the lard-fed mice in this experi- 
ment, since the in vivo responses of these mice were so similar 
to those of soybean oil-fed mice. Our study is novel in that the 
effects of dietary n-3 PUFA on the in vivo and ex vivo IFN-y 
production were examined together. We deliberately chose to 
use splenocytes isolated from mice during the fourth day of lis- 
teriosis to maximize the probability that diet-induced differ- 
ences could be detected in vitro. Furthermore, as stated previ- 
ously, this is the optimal time during a primary Listeria response 
to find IFN-y-producing cells/ 40 ' Paradoxically, we failed to 
observe a significant difference in the in vitro production of 
IFN-y by splenocytes isolated from mice fed fish oil compared 
with those fed soybean oil. Our findings sharply contrast with 
those of Vervliet et al/ 5 " They reported a 71%-100% increase 
in Con A-stimulated IFN-y production when human peripheral 
blood leukocytes were pretreated with indomethacin, a PG syn- 
thesis inhibitor. 

Thus, our data suggest that clearance of IFN-y may be 
reduced or delayed by feeding mice fish oil. The binding of 
IFN-y to its receptor and the subsequent endocytosis of the com- 
plex are believed to be the primary route of IFN-y clearance in 
vivo/ 52 ' Therefore, our observations suggest that dietary n-3 
PUFA may be reducing the expression or function of the 
IFN-y receptor. Consistent with this scenario is the reduced 
MHC class II molecule expression observed in mice on fish oil 
feeding. In other words, lower expression of MHC class II mol- 
ecules in the presence of higher concentrations of IFN-y dur- 
ing murine listeriosis is not paradoxical if we can demonstrate 
that fish oil feeding lowers the expression or function of IFN- 
y receptors. 

Information on the influence of dietary fat on cytokine re- 
ceptors is limited to the IL-2 receptor. It has been reported that 
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the n-3 PUFA, DHA, and EPA decrease IL-2 receptor expres- 
sion,< 53 > although others have failed to find this effect/ 7 - 54 ' The 
effect of fatty acids on the IFN-y receptors is unexplored, but 
some indirect data do exist. Somers et al. (8) have shown that 
macrophages from mice fed fish oil were hyporesponsive to 
IFN-y during activation for tumoricidal activity. The same lab- 
oratory group reported that macrophages from mice fed men- 
haden fish oil had slightly decreased protein kinase C activity 
compared with macrophages from mice fed safflower oil. (55) 
The authors suggested that changes in receptor-mediated sig- 
nal transduction pathways may explain the reduced respon- 
siveness of macrophages from fish oil-fed mice to IFN-y. Un- 
fortunately, the possibility of a fish oil-induced reduction in 
IFN-y receptor expression was not explored by these re- 
searchers. Interestingly, pretreatment of vascular smooth mus- 
cle cells with EPA or DHA has been shown to significantly re- 
duce the binding of platelet-derived growth factor to its 
receptor.* 56 ) This effect was not observed with linoleic or oleic 
acid pretreatment and did not alter the binding affinity (K d ) of 
the receptor. Further studies on the relationship of n-3 PUFA 
and the expression and function of IFN--y receptors are planned, 
and data from these studies may improve our understanding of 
the mechanism(s) by which dietary n-3 PUFA alter immune re- 
sponses. 

In summary, the results of this study show that the dietary 
fat source influences the in vivo IFN-y response in mice dur- 
ing listeriosis. Fish oil-fed mice have higher concentrations of 
IFN-y in the serum and spleen compared with mice fed soy- 
bean oil or lard. Fish oil feeding appears to prolong as well as 
amplify the in vivo IFN-y response. Paradoxically, we have doc- 
umented lower expression of MHC class II molecules in fish 
oil-fed mice. In vitro production of IFN-7 by isolated spleno- 
cytes was similar among treatment groups. To resolve these dis- 
crepancies in our findings, we suggest that these diet-induced 
changes in circulating IFN-y may be a consequence of alter- 
ations in the expression or function of IFN-y receptors. Further 
studies need to be conducted to directly test this novel hypoth- 
esis. 



ACKNOWLEDGMENTS 

This work was supported by the food for the 21st Century 
Program, the MU Agriculture Experiment Station, and the MU 
Research Board. 



REFERENCES 

1 . KREMER, J.M. ( 1 996). Effects of modulation of inflammatory and 
immune parameters in patients with rheumatic and inflammatory 
disease receiving dietary supplementation of n-3 and n-6 fatty 
acids. Lipids 31, S243-S247. 

2. ARM, J.P., HORTON, C.E., and SPUR, B.W. (1989). The effects 
of dietary supplementation with fish oil lipids on the airways re- 
sponse to inhaled allergen in bronchial asthma. Am. Rev Respir 
Dis. 139, 1395-1400. 

3. ZIBOH, V.A., COHEN, K.A., ELLIS, C.N., et al. (1986). Effects 
of dietary supplementation of fish oil on neutrophil and epidermal 
fatty acids modulation of clinical course of psoriatic subjects. Arch 
Dermatol 122, 1277-1282. 

4. YANG, B., SALDEEN, T.G.P., NICHOLS, W.W., and MEHTA, 



J.L. (1993). Dietary fish oil supplementation attenuates myocardial 
dysfunction and injury caused by global ischemia and reperfusion 
in isolated rat hearts. J. Nutr. 123, 2067-2074. 

5. LAWERENCE, R., and SORRELL, T. (1993). Eicosapentaenoic 
acid in cystic fibrosis: evidence of a pathogenetic role for leukotriene 
B4. Lancet 342, 465-469. 

6. CALDER, P.C., and NEWSHOLME, E.A. (1992). Polyunsaturated 
fatty acids suppress human peripheral blood lymphocyte prolifer- 
ation and interleukin-2 production. Clin. Sci. 82, 695-700. 

7. YAQOOB, P., NEWSHOLME, E.A., and CALDER, P.C. (1994). 
The effect of dietary lipid manipulation on rat lymphocyte subsets 
and proliferation. Immunology 82, 603-610. 

8. SOMERS, S.D., CHAPKIN, R.S., and ERICKSON, K.L. (1989). 
Alteration of in vitro murine peritoneal macriophage function by 
dietary enrichment with eicosapentaenoic and docosahexaenoic 
acids in menhaden fish oil. Cell. Immunol. 123, 201-21 1. 

9. DUSTIN, L.B., SHEA, CM., SOBERMAN, R.J., and LU, C.Y. 
(1990). Docosahexaenoic acid, a constituent of rodent fetal senim 
and fish oil diets, inhibits acquisition of macrophage tummoricidal 
function. J. Immunol. 144, 4888-4897. 

10. FOWLER, K.H., CHAPKIN, R.S., and McMURRAY, D.N. 
(1993). Effects of purified dietary n-3 ethyl esters on murine T lym- 
phocyte function. J. Immunol. 151, 5186-5191. 

1 1 . FUJIKAWA, M., YAMASHTTA, N., YAMAZAKI, K., SUGIYAMA, 
E, SUZUKI, H., and HAMAZAKI, T. (1992). Eicosapentaeoic acid 
inhibits antigen-presenting cell function of murine splenocytes. Im- 
munology 75, 330-335. 

12. HUANG, S.C., MISFELDT, M.L., and FRITSCHE, K.L. (1992). 
Dietary fat influences la antigen expression and immune cell pop- 
ulations in the murine peritoneum and spleen. J. Nutr 122 
1219-1231. 

13. HUMMELL, D.S. (1993). Dietary lipids and immune function. 
Prog. Food Nutr. Sci. 17, 287-329. 

14. JOHNSTON, P.V. (1988). Lipid modulation of immune responses. 
In: Nutrition and Immunology. R.K. Chandra (ed.) New York: Alan 
R. Liss, Inc., pp: 37-86. 

15. PECK, M.D. (1995). Interaction of lipids with immune function I: 
Biochemical effects of dietary lipids on plasma membranes. J. Nutr. 
Biochem. 5, 466-478. 

16. PECK, M.D. (1995). Interactions of lipids with immune function 
II: Experimental and clinical studies of lipids and immunity. J. Nutr. 
Biochem. 5, 514-521. 

17. BLOK, W.L., KATAN, M.B., and VAN DER MEER, J.W.M. 
(1996). Modulation of inflammation and cytokine production by 
dietary (n-3) fatty acids. J. Nutr. 126, 1515-1533. 

18. ENDRES, S., EISENHUT, T, and SINHA, B. (1995). n-3 Polyun- 
saturated fatty acids in the regulation of human cytokines synthe- 
sis. Biochem. See. Trans. 23, 277-281. 

19. MEYDANI, S.N. (1992). Modulation of cytokine production by 
dietary polyunsaturated fatty acids.Proc. Soc. Exp. Biol. Med 200, 
189-193. 

20. FARRAR, M.A., and SCHREIBER, R.D. (1993). The molecular 
cell biology of interferon-? and its receptor. Annu. Rev. Immunol 
11, 571-611. 

21. YOUNG, H.A., and HARDY, K.J. (1995). Role of interferon in 
immune cell regulation. J. Leukocute Biol. 58, 373-381. 

22. MOSQUERA, J., RODRIGUEZ-ITURBE, B., and PARRA, G. 
(1990). Fish oil dietary supplementation reduces la expression in 
rat and mouse peritoneal macrophages. Clin. Immunol. . Im- 
munopathol. 56, 124-129. 

23. HUGHES, D.A., SOUTHON, S., and PINDER, A.C. (1996) (n-3) 
Polyunsaturated fatty acids modulate the expression of function- 
ally associated molecules on human monocytes in vitro. J Nutr 
126,603-610. 

24. JANEWAY, C.A.. Jr., BOTTOMLY, K., BABICH, J., et al. (1984). 
Quantitative variation in la antigen expression plays a central role 
in immune regulation. Immunol. Today 5, 99-105. 



FISH OIL AFFECTS IFN-y RESPONSE 

1 5 UNANUE, E.R., and CEROTTIN1, J.C. (1989). Antigen presenta- 
" ' lion. FASEB J. 3, 2496-2502. 

16 GRUSBY, M.J., and GLIMCHER, L.H. (1995). Immune responses 
" in MHC class II-deficient mice. Annu. Rev. Immunol. 13, 417-435. 

27 STEEG, P.S., JOHNSON, H.M., and OPPENHEIM, J.J. (1982). 
Regulation of murine macrophage la antigen expression by an im- 
mune interferon-like lymphokine: inhibitory effect of endotoxin. J. 
Immunol. 129, 2402-2406. 

28 TRINCHIERI, G., and PERUSSIA, B. (1985). Immune interferon: 
a pleiotropic lymphokine with multiple effects. Immunol. Today 6, 
131-136. 

■>9. KUNKEL, S.L., and CAMPBELL, D.A. (1986). Species-depen- 
dent regulation of monocyte/macrophage la antigen expression and 
antigen presentation by prostaglandin E. Cell. Immunol. 97, 
140-145. 

30. FIGUEIREDO, F., and UHING, R.J. (1990). Activation of the cAMP 
cascade inhibits an early event involved in murine macrophage la 
expression. J. Biol. Chem. 265, 12317-12323. 

31. KNAPKA, J.J. (1983). Nutrition. In: The Mouse in Biomedical Re- 
search. H.L. Foster, J.D. Small, and J.G. Fox (eds.) New York: 
Academic Press, vol. 3, p. 52-67. 

32. JOHNSTON, P.V., and FRITSCHE, K.L. (1989). Nutritional 
methodology in dietary fat and cancer research. In: Carcinogene- 
sis and Dietary Fat. S. Abraham (ed.) Boston, MA: Kluwer Aca- 
demic Publishers, pp. 9-25. 

33. SUBCOMMITTEE ON LABORATORY ANIMAL NUTRITION, 
COMMITTEE ON ANIMAL NUTRITION, BOARD ON AGRI- 
CULTURE, NATIONAL RESEARCH COUNCIL. (1995). Gen- 
eral considerations for feeding and diet formulation. In: Nutrient 
Requirements of Laboratory Animals. 4th ed. Washington, DC: Na- 
tional Academy Press, p. 3-10. 

34. REEVES, P.G., NIELSON, F.H., and FAHEY, G.C. (1993). AJN- 
93 purified diets for laboratory rodents: final report of the Ameri- 
can Institute of Nutrition ad hoc writing committee on the refor- 
mulation of the AIN-76A rodent diet. J. Nutr. 123, 1939-1951. 

35. FRITSCHE, K.L., SHAHBAZIAN, L.M., FENG, C, and BERG, 
J.N. (1997). Dietary fish oil reduces survival and impairs bacterial 
clearance in C3H/HeN mice with Listeria monocytogenes. Clin. 
Sci. 92,95-101. 

36. DUNN, P.L., and NORTH, R.J. (1991). Early gamma interferon 
production by natural killer cells is important in defense against 
murine listeriosis. Infect. Immun. 59, 2892-2900. 

37. BUCHMEIER, N.A., and SCHREIBER, R.D. (1985). Requirement 
of endogenous interferon- y production for resolution of Listeria 
monocytogenes infection. Proc. Natl. Acad. Sci. USA 82, 7404- 
7408. 

38. NAKANE, A., NUMATA, A., and MINAGAWA, T. (1992). En- 
dogenous tumor necrosis factor, interleukin-6, and gamma inter- 
feron levels during Listeria monocytogenes infection in mice. In- 
fect. Immun. 60, 523-528. 

39. POSTON, R.M., and KURLANDER, R.J. (1991). Analysis of the 
time course of IFN-y mRNA and protein production during pri- 
mary murine listeriosis: the immune phase of bacterial elimination 
is not temporally linked to IFN production in vivo. J. Immunol. 
146, 4333^337. 

40. HSIEH, B., SCHRENZEL, M.D., MULVANIA, T., LEPPER, 
H.D., DIMOLFETTO-LANDON, L., and FERRICK, D.A. (1996). 
In vivo cytokine production in murine listeriosis. J. Immunol. 156, 
232-237. 

41. POSTON, R.M., and KURLANDER, R.J. (1992). Cytokine ex- 
pression in vivo during murine listeriosis. J. Immunol. 149, 3040- 
3044. 

42. CHEERS, C, McKENZIE, I.F.C., PAVLOV, H., WAID, C, and 
YORK, J. (1978). Resistance and susceptibility of mice to bacter- 
ial infection: course of listeriosis in resistant or susceptible mice. 
Infect. Immun. 19, 763-770. 

43. I1ZAWA, Y„ WAGNER, R.D., and CZUPRYNSKI, C.J. (1993). 



277 



Analysis of cytokine mRNA expression in Lisreria-resistant 
C57BL/6 and L/jJeria-susceptible A/J mice during Listeria mono- 
cytogenes infection. Infect. Immun. 61, 3739-3744. 

44. HTLKENS, C.M.U., SNJJDERS, A., VERMEULEN, H., MEJDE, 
P.H., WTERENGA, E.A., and KAPSENBERG, M.L. (1996). Ac- 
cessory cell derived IL-12 and prostaglandin E 2 determine the IFN 
level of activated human CD4 + T cells. J. Immunol. 156, 
1722-1727. 

45. FRITSCHE, K.F., and JOHNSTON, P.V. (1990). Effect of dietary 
omega-3 fatty acids on cell-mediated cytotoxic activity in BALB/c 
mice. Nutr. Res. 10, 577-588. 

46. MEYDANI, S.N., YOGEESWARAN, G., LIU, S., BASKAR, S., 
and MEYDANI, M. (1988). Fish oil and tocopherol-induced 
changes in natural killer cell-mediated cytotoxicity and PGE 2 syn- 
thesis in young and old mice. J. Nutr. 118, 1245-1252. 

47. PURASIRI, P., MURRAY, A., RICHARDSON, S., HEYS, S.D., 
HORROBIN, D., and EEREMTN, O. (1994). Modulation of cy- 
tokine production in vivo by dietary essential fatty acid in patients 
with colorectal cancer. Clin. Sci. 87, 711-717. 

48. KEMEN, M., SENKEL, M., HOMANN, H., et al. (1995). Early 
postoperative enteral nutrition with arginine-omega-3 fatty acids 
and ribonucleic acid-supplemented diet versus placebo in cancer 
patients: an immunologic evaluation of impact. Crit. Care Med. 23, 
652-659. 

49. KARSTEN, S., SCHAFER, G., and SCHAUDER, P. (1994). Cy- 
tokine production and DNA synthesis by human peripheral lym- 
phocytes in response to palmitic, stearic, oleic, and linoleic acid. 
J. Cell. Physiol. 161, 15-22. 

50. KHAIR-EL-DIN, T.A., SICHER, S.C., VANZQUEZ, M.A., 
WRIGHT, W.J., and LU, C.Y. (1995). Docosahexaenoic acid, a 
major constituent of fetal serum and fish oil diets, inhibits 
IFNgamma-induced la-expression by murine macrophages in vitro. ■ 
J. Immunol. 154, 1296-1306. . 

51. VERVLIET, G., DECKMYN, H., CARTON, H., and BILLIAU, 
A. (1985). Influence of prostaglandin E 2 and indomethacin on in- 
terferon-gamma production by cultured peripheral blood leuko- 
cytes of multiple sclerosis patients and healthy donors. J. Clin. Im- 
munol. 5, 102-108. 

52. ANDERSON, P., YIP, Y.K., and VILCEK, J. (1983). Human in- 
terferon-gamma is internalized and degraded by cultured fibro- 
blasts. J. Biol. Chem. 258, 6497-6502. 

53. SOYLAND, E., LEA, T„ SANDSTAD, B., and DREVON, A. 

(1994) . Dietary supplementation with very long chain n-3 fatty 
acids in man decreases expression of the interleukin-2 receptor 
(CD25) on mitogen stimulated lymphocytes from patients with in- 
flammatory skin diseases. Eur. J. Clin. Invest. 24, 236-242. 

54. SANTOLI, D., PHILLIPS, P.D., COLT, T.L., and ZURTER, R.B. 
(1990). Suppression of interleukin 2-dependent human T cell 
growth in vitro by prostaglandin E (PGE) and their precursor fatty 
acids. Evidence for a PGE-independent mechanism of inhibition 
by the fatty acids. J. Clin. Invest. 85, 424^432. 

55. ERICKSON, K.L., HUBBARD, N.E., and CHAKRABARTI, R. 

(1995) . Modulation of signal transduction in macrophages by di- 
etary fatty acids. J. Nutr. 125, 1683S-1686S. 

56. TERANO, T., SHITNA, T., and TAMURA, Y. (1996). Eicosapen- 
taenoic acid suppressed the proliferation of vascular smooth mus- 
cle cells through modulation of various steps of growth signals. 
Lipids 31, S301-S304. 

Address reprint requests to: 
Dr. Kevin L Fritsche 
110 Animal Sciences Research Center 
University of Missouri-Columbia 
Columbia, MO 65211 

Received 15 October 1996/ Accepted 5 February 1997 



